Neuroblastoma is the most common solid tumor in children. Despite aggressive chemotherapy, the prognosis of patients with advanced neuroblastoma is still very poor. Our recent study showed that xanthoangelol, a major chalcone constituent of the stem exudates of Angelica keiskei, induced caspase-3-dependent apoptosis in neuroblastoma cells. However, details of the mechanism underlying its apoptotic action are still unclear. Here we show that xanthoangelol triggers oxidative stress by generation of reactive oxygen species and induces apoptosis through release of cytochrome c and activation of caspase-9 in IMR-32 cells. Pretreatment with an antioxidant, vitamin E, prevented the increase of reactive oxygen species and apoptosis induced by xanthoangelol. Proteomic analysis using 2-dimensional electrophoresis and MALDI-TOF-MS revealed that DJ-1 protein was involved in xanthoangelol-induced apoptosis. DJ-1 responded to its oxidative stress status by being oxidized itself. Furthermore, DJ-1 was down-regulated by xanthoangelol, leading to loss of antioxidant function and acceleration of apoptosis. We also show that xanthoangelol has a cytotoxic effect on drug-resistant LA-N-1 and NB-39 cells as well as drug-sensitive IMR-32 and SK-N-SH cells. These findings suggest that xanthoangelol induces apoptosis by increasing reactive oxygen species and targeting DJ-1, and such mechanism may be an effective therapeutic approach for advanced neuroblastoma.
Neuroblastoma is the most common extracranial solid tumor in children and is derived from cells of the sympathetic nervous system. Its clinical behavior varies according to patient age at diagnosis. In patients over 1 year of age, the tumor is very aggressive and drug-resistant. The 5-year survival rate of patients with such advanced tumors is only 25-30%, despite aggressive chemotherapy. Conversely, in patients under 1 year of age, the tumor usually has a favorable prognosis and frequently regresses or differentiates into ganglioneuroma, requiring little or no therapy. Even after extensive metastasis, some neuroblastomas undergo spontaneous regression (special stage 4s). Although the precise mechanism responsible for this clinical heterogeneity remains unclear, some reports suggest that apoptosis plays a role. In neuroblastomas showing spontaneous regression, extensive apoptosis occurs. 1, 2) On the other hand, disruption of the apoptosis machinery is observed in drug-resistant and/or advanced neuroblastomas, e.g., expression of Bcl-2, 3) p53 mutation or lack of p53 function 4) and loss of caspase-8 expression. 5) Therefore, novel drugs that induce apoptosis in advanced neuroblastoma are required.
Angelica keiskei (Ashitaba in Japanese) is a medicinal plant that grows mainly along the Pacific coast of Japan. It has been used traditionally as a diuretic, laxative, analeptic and galactagogue, and has recently gained attention as a health food. Various compounds, such as chalcones, coumarins and flavanones, have already been isolated from Angelica keiskei. 6) Xanthoangelol, a representative chalcone constituent, has been shown to have various biological activities, including antibacterial activity, gastric H ϩ , K ϩ -ATPase inhibition, and anti-vasoconstriction. [7] [8] [9] Importantly, xanthoangelol shows anti-tumor-promoting activity in mouse skin carcinogenesis 10) and inhibits tumor growth and metastasis in tumor-bearing mice without causing body weight loss. 11) Our latest study showed that xanthoangelol had potent cytotoxicity and induced apoptosis with the involvement of caspase-3 activation in neuroblastoma. 12) However, details of the mechanism of xanthoangelol-induced apoptosis are still unclear.
Apoptosis occurs mainly through two pathways. In the death receptor pathway, receptor ligation leads to activation of caspase-8. In the mitochondrial pathway, on the other hand, various apoptosis-inducing triggers such as DNA damage and oxidative stress cause activation of caspase-9. In these two different pathways, activated initiators caspase-8 and caspase-9 finally activate caspase-3, the downstream (executor) caspase.
13) The mitochondrial pathway is regulated by Bcl-2 family proteins, the pro-apoptotic Bax and the antiapoptotic Bcl-2. However, apoptosis is regulated more intricately by a large number of molecules. 14) Proteomic analysis using 2-dimensional electrophoresis (2-DE) and matrix assisted laser desorption ionization-time of flight (MALDI-TOF)-MS is a very useful tool for examining protein changes comprehensively before and after treatment with drugs. In the present study, we showed that xanthoangelol has a cytotoxic effect on drug-resistant neuroblastoma, and induces apoptosis of the tumor cells. We also investigated the mechanism of this xanthoangelol-induced apoptosis in neuroblastoma using proteomic analysis. The neuroblastoma  cell lines IMR-32, SK-N-SH, LA-N-1 (RIKEN cell bank) and NB-39 (kindly provided by Dr. Toshimitsu Suzuki, Fukushima Medical University) and the leukemia cell line Jurkat (RIKEN cell bank) were grown in RPMI 1640 medium (Invitrogen) supplemented with 10% fetal bovine serum (Invitrogen), 100 U/ml penicillin (Invitrogen), and 100 mg/ml streptomycin (Invitrogen). The cells were maintained at 37°C in a 5% CO 2 atmosphere and high humidity.
MATERIALS AND METHODS

Cell Lines and Culture Conditions
Drugs and Antibodies Xanthoangelol (3Ј-C-geranyl-2Ј,4,4Ј-trihydroxychalcone) was isolated from the stem exudate of Angelica keiskei 6) and saved as a 50 mM stock solution in 100% dimethyl sulfoxide (DMSO) (final concentration of DMSO 0.2%). Camptothecin and cisplatin were purchased from Wako and dissolved in DMSO (final concentration of DMSO 0.2%). (Ϯ)-a-Tocopherol (vitamin E; VE) was from Sigma and saved as a 100 mM stock solution in 100% ethanol (final concentration of ethanol 1%). 2Ј,7Ј-Dichlorodihydrofluorescein diacetate (H 2 DCFDA) was from Molecular Probes and saved as a 100 mM stock solution in DMSO (final concentration of DMSO 0.05%). 3-[4,5-Dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide (MTT) and Hoechst 33342 were purchased from Sigma. Trypan blue was purchased from Wako. Anti-caspase-8 (clone: 1C12) and anti-caspase-9 were from Cell Signaling. Anti-cytochrome c was from BD Pharmingen. Anti-Tom20 (clone: 29) was from BD Transduction Laboratories. Anti-DJ-1 (clone: 3E8) was from Stressgen. Anti-b-tubulin (clone: TUB 2.1) and antimouse and anti-rabbit IgG secondary antibody were from Sigma.
MTT Assay MTT assay was performed as described previously. 12) Briefly, cells were treated with various concentrations of xanthoangelol, camptothecin, and cisplatin for 48 h, and then MTT solution was added to the well. After incubation for 3 h, the cells were lysed and the generated blue formazan were solubilized with isopropanol containing 0.04 N HCl stop solution. The absorbance at 570 nm (peak) and 655 nm (bottom) was measured using a microplate reader (BIO-RAD).
Hoechst 33342 Staining Cells (5ϫ10 5 or 1ϫ10 6 cells/2 ml) were seeded onto a 6-well plate with phenol red-free RPMI 1640 medium and treated with 10 mM xanthoangelol for 0-24 h. Hoechst 33342 nuclear dye was added to a final concentration 25 mg/ml at 30 min before the termination of xanthoangelol treatment. Morphological changes were observed by fluorescence microscopy (OLYMPUS). For examining the protective effect of VE, cells were pretreated with 1 mM VE or vehicle (ethanol) for 3 h and then either treated with vehicle (DMSO) or treated with xanthoangelol for 24 h.
Whole-Cell Extraction and Subcellular Fractionation Cells (2ϫ10 6 or 5ϫ10 6 cells/5 ml) were seeded onto a 60 mm dish and treated with 10 or 100 mM xanthoangelol. For isolation of whole-cell lysates, cells were collected and washed with Tris buffered saline (TBS) and lysed in extraction buffer containing 20 mM Tris-HCl (pH 8.0), 137 mM NaCl, 1% NP-40, 10% glycerol, protease inhibitor cocktail I (1 : 200; Sigma), phosphatase inhibitor cocktail II (1 : 100; Sigma), 1 mM phenylmethylsulfonyl fluoride (PMSF) and 1 mM dithiothreitol (DTT). The cells were disrupted by sonication for 30 s twice, and the supernatants were obtained by centrifugation at 9000ϫg for 10 min at 0°C. For isolation of the cytosolic and mitochondria-rich fractions, cells were collected and washed with TBS and suspended in buffer A (20 mM HEPES-KOH (pH 7.5), 10 mM KCl, 1.5 mM MgCl 2 , 1 mM sodium EDTA, 250 mM sucrose, protease inhibitor cocktail I (1 : 200), phosphatase inhibitor cocktail II (1 : 100), 1 mM PMSF and 1 mM DTT) containing 0.05% digitonin. After incubation for 20 min on ice, the cell suspensions were centrifuged at 15000ϫg for 20 min at 4°C. The supernatants were saved as a cytosolic fraction, and the pellets were further resuspended in buffer A containing 1% NP-40 and sonicated for 30 s twice. After 20 min on ice, the supernatants were obtained as a mitochondria-rich fraction by centrifugation at 9000ϫg for 10 min at 0°C.
Western Blotting Western blotting was performed as described previously. 12) Briefly, either whole-cell lysates or cytosolic and mitochondria-rich fractions were mixed with 3ϫ sample buffer (0.24 M Tris-HCl (pH 6.8), 9% sodium dodecyl sulfate (SDS), 30% glycerol, 15% 2-mercaptoethanol and trace of bromophenol blue (BPB)) at 2 : 1. Equal amounts of proteins were separated by SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to polyvinylidene fluoride membranes (GE Healthcare). After blocking, the membranes were probed with antibodies, and the blots were detected with an enhanced chemiluminescence (ECL) system (GE Healthcare).
Proteomics Cells (5ϫ10 6 cells/5 ml) were seeded onto a 60-mm dish and treated with 100 mM xanthoangelol, or left untreated, for 1 h. For preparing protein samples, cells from 6 dishes per group were collected into one tube, washed with TBS, and lysed in lysis buffer containing 7 M urea, 2 M thiourea, 4% CHAPS, 0.5% Triton X-100 and 0.5% IPGbuffer (GE Healthcare). The protein samples were diluted with rehydration buffer (7 M urea, 2 M thiourea, 2% CHAPS, 0.5% Triton X-100, 0.5% IPG-buffer and trace of BPB) at 1 : 9. The diluted sample solutions were loaded onto Immobiline TM DryStrips (pH 3-10, 11 cm; GE Healthcare) through rehydration overnight at room temperature. After rehydration, isoelectric focusing was started at 300 V and the voltage was gradually increased to 3500 V for 2.5 h and further held at 3500 V for 5 h using a Multiphor II electrophoresis system (GE Healthcare). The strips were equilibrated in initial equilibration buffer containing 1% DTT, 50 mM Tris-HCl (pH 8.8), 6 M urea, 30% glycerol, 2% SDS and trace BPB for 15 min and a second equilibration buffer containing 2.5% iodoacetamide, 50 mM Tris-HCl (pH 8.8), 6 M urea, 30% glycerol, 2% SDS and trace of BPB for 15 min. The second-dimension electrophoresis was conducted on 12.5% SDS-polyacrylamide gel at 300 V at 4°C. Gels were stained with 0.1% Coomassie Brilliant Blue (CBB) R-350 (GE Healthcare) solution overnight at room temperature. After washing away the excess dye with 30% methanol/10% acetic acid solution, the gels were scanned with an Image Scanner (GE Healthcare). The spots were analyzed by Image Master 2D Platinum ver. 5.0 software (GE Healthcare) according to the manufacturer's protocol. To normalize spot volumes, the volume of each spot was divided by the total volume of all the spots in the gel. For the experiment to examine the isoelectric point (pI) shift of DJ-1, after isoelectric focusing of a strip (pH 4-7, 13 cm), SDS-PAGE and im-munoblotting were performed as described in "Western blotting" above. In-gel digestion, MALDI-TOF-MS analysis and protein identification were performed as described previously. 15) Preliminary amino acid sequences for human open reading frame (ORF) data were obtained from NCBI.
Stealth RNAi Treatment IMR-32 cells (2.5ϫ10 5 cells/3 ml) were transfected by 20 nM of Stealth RNAi PARK7(DJ-1)-HSS117568 (Invitrogen) or Stealth RNAi negative control LO GC (Invitrogen) using lipofectamine RNAiMAX (Invitrogen) according to the supplier's manual. Following RNAi treatment for 24 h, (a) cells were harvested and assessed for total DJ-1 content by Western blotting with anti-DJ-1 antibody, (b) H 2 O 2 (final concentration: 0-50 mM) was added to the cell culture medium and cell viability was analyzed with trypan blue exclusion assay (as described below) at 24 h after exposure.
Reactive Oxygen Species (ROS) Detection Cells were seeded onto 96-well (5ϫ10 4 or 1ϫ10 5 cells/100 ml) or 6-well (1ϫ10 6 cells/2 ml) plates with phenol red-free RPMI 1640 medium, and incubated with 50 mM H 2 DCFDA, an indicator of ROS, for 30 min. This was followed by treatment with 10 or 100 mM xanthoangelol, or DMSO for 5-120 min. ROS generation was detected by a fluorescence microplate reader (excitation 485 nm, emission 520 nm) (BMG LABTECH). For detection of intracellular ROS, cells were treated with 10 mM xanthoangelol or DMSO for 2 h. H 2 DCFDA was added at 30 min before the end of xanthoangelol treatment. Intracellular ROS was observed by fluorescence microscopy. For examining the preventive effect of VE, cells were pretreated with 1 mM VE or ethanol for 3 h and then treated with 10 mM xanthoangelol or DMSO for 2 h. H 2 DCFDA was added at 30 min before the termination of xanthoangelol treatment.
Trypan Blue Exclusion Assay Trypan blue exclusion assay was performed as described previously. 12) Briefly, the cells (1ϫ10 6 cells/2 ml) were pretreated with 1 mM VE or ethanol for 3 h and then treated with 10 mM xanthoangelol or 10 mM cisplatin, or DMSO for 24 h at 4°C. After addition of trypan blue solution (final concentration 0.5%), the numbers of total and dead cells were counted by phase-contrast microscopy (OLYMPUS).
RESULTS
Cytotoxic Effect of Xanthoangelol on Chemoresistant Neuroblastoma
We compared the effects of xanthoangelol (Fig. 1A) and the conventional chemotherapeutic agents, camptothecin and cisplatin, against neuroblastoma cells. MTT assay showed that IMR-32 and SK-N-SH cells were sensitive to camptothecin (IC 50 2.6 and 8.7 nM, respectively) and cisplatin (IC 50 1.0 and 4.6 mM, respectively), whereas LA-N-1 and NB-39 cells were resistant to camptothecin (IC 50 Ͼ100 mM, both) and cisplatin (IC 50 83 and 85 mM, respectively) (Fig. 1B) . In contrast, xanthoangelol had a cytotoxic effect on drug-resistant LA-N-1 and NB-39 cells (IC 50 12 and 11 mM, respectively) as well as drug-sensitive IMR-32 and SK-N-SH cells (IC 50 2.6 and 14 mM, respectively) (Fig.  1B) . These results suggest that xanthoangelol is effective for the treatment of chemoresistant neuroblastoma.
Induction of Apoptosis by Xanthoangelol through the Mitochondrial Pathway in Neuroblastoma Cells
Xanthoangelol has been shown to induce apoptosis in neuroblastoma. 12) To confirm whether xanthoangelol induces apoptosis, we examined the nuclear morphology of IMR-32 cells exposed to 10 mM xanthoangelol for 0-24 h. Apoptotic cells characterized by nuclear condensation were observed in the cells 4 h after application (Fig. 2Ad ), but not in control preparations (Fig. 2Ab) . Most of the cells underwent apoptosis at 8 h after application (Fig. 2Af) . Phase contrast microscopy showed that the cells became detached from the plates within 4 h after application of xanthoangelol, and became rounded (Fig. 2Ac) and shrunk (Fig. 2Ae) , finally exhibiting cell blebbing (Fig. 2Ag) which are the morphological hallmarks of apoptosis. These results indicate that xanthoangelol induces apoptosis in IMR-32 cells.
Since it has been demonstrated that xanthoangelol induces apoptosis through caspase-3 activation, 12) we attempted to clarify which pathway-the death receptor or the mitochondrial pathway-was involved in xanthoangelol-induced apoptosis. It has been reported that pro-caspase-8 is not expressed in advanced neuroblastoma. of 100 mM xanthoangelol (data not shown). We next attempted to detect activation of caspase-9 in neuroblastoma cell lines exposed to 100 mM xanthoangelol for 0-24 h. Procaspase-9 was cleaved and the level of active-caspase-9 increased time-dependently in all neuroblastoma cell lines, being especially significant at 8 and 24 h (Fig. 2B) . The activated caspase-9 was also detected after 8-24 h treatment of 10 mM xanthoangelol in IMR-32 (data not shown). Since activation of caspase-9 occurs upon release of cytochrome c from mitochondria to the cytosol, 13) we tested cytochrome c release to the cytosolic fraction from the mitochondria-rich fraction. As shown in Fig. 2C , release of cytochrome c was observed after 8 h treatment with 10 mM xanthoangelol, but not control in cytosolic fractions. These results suggest that the mitochondrial pathway plays a more important role in the mechanism of xanthoangelol-induced apoptosis than the death receptor pathway. In our previous study, however, it was shown that protein levels of Bax and Bcl-2 are not affected by xanthoangelol. 12) Thus, further study is required to clarify the mechanism leading to activation of the mitochondrial pathway.
Involvement of Oxidative Stress in Xanthoangelol-Induced Apoptosis as Indicated by Proteomic Analysis To elucidate the detailed mechanism of xanthoangelol-induced apoptosis, especially in the upstream phase of the caspase cascade, a protein sample was prepared from IMR-32 cells treated with 100 mM xanthoangelol for 1 h, a time point that is thought to precede caspase activation. Untreated samples, and samples treated with xanthoangelol, were subjected to 2-DE (pH range 3-10), which was performed five times per sample, and three gels were selected from each of the five gels. The two-DE map for xanthoangelol-treated cells was then compared with the map for non-treated cells (Fig. 3A) . Two hundred fifteen protein spots in these gels were matched between the xanthoangelol-treated and non-treated groups. Among the 215 matching spots, 23 were changed by xanthoangelol in comparison to the control (Ͼ1.5 fold and pϽ0.05 by Student's t-test). Then, 16 of these spots were successfully identified by MALDI-TOF-MS. As shown in Fig.  3A and Table 1 , 7 spots were up-regulated and 9 were downregulated. Most of the proteins were involved in oxidative stress: DJ-1, peroxiredoxin 6, triosephosphate isomerase 1, glyceraldehyde-3-phosphate dehydrogenase, and phosphoglycerate mutase 1 (5 of 14 proteins). Among these oxidative stress-related proteins, the most changed protein was DJ-1, which showed a 37% reduction relative to the control (Fig.  3A, Table 1 ). These results imply that oxidative stress is involved in xanthoangelol-induced apoptosis. 
Xanthoangelol Triggers Oxidative Stress and Down-
Regulates DJ-1 To confirm the change of DJ-1 in the results of the 2-DE experiment, we performed Western blotting of SDS-PAGE-migrated proteins using anti-DJ-1 antibody. In this experiment, the level of DJ-1 was markedly reduced to 60% and 34% of the control value at 8 h and 24 h treatment of 100 mM xanthoangelol, respectively (Figs. 3B, C) . However, expression of DJ-1 did not change after 1 h of xanthoangelol treatment (Figs. 3B, C) , inconsistent with the results of 2-DE. This discrepancy suggested that the change in the DJ-1 spot on 2-DE gels does not imply a change in the total amount, but rather a shift in pI. DJ-1 has been reported to show a pI shift from basic to acidic by being oxidized itself when cells are treated with oxidative stress inducers. [16] [17] [18] Therefore, to examine whether the pI of DJ-1 was shifted by exposure of cells to 100 mM xanthoangelol for 0-240 min, we performed 2-DE using strips within a pH range of 4-7 followed by Western blotting with anti-DJ-1 antibody. The pI of DJ-1 was shifted to acidic and the oxidized form was increased at 30 min (Fig. 3D) . Thereafter, although the oxidized form was slightly decreased, the pI shift of DJ-1 was still maintained at 60 min (Fig. 3D) . The decreased amount of the DJ-1 protein spot on 2-DE gels can probably be explained by a shift of pI from basic to acidic. These results suggest that DJ-1 acts as a sensor for xanthoangelol-induced oxidative stress, and moreover that xanthoangelol down-regulates the total amount of DJ-1.
To determine whether DJ-1 plays a key role in the protection of cells from oxidative stress in the neuroblastoma cell line, cell viability in response to oxidative stress was compared between DJ-1-knocked down IMR-32 cells and negative control cells using Stealth RNAi. Although DJ-1 protein down-regulation was not absolute, DJ-1-knocked down IMR-32 cells were shown to be more sensitive to H 2 O 2 than the negative control in trypan blue exclusion assay (Fig. 4) . These data indicate that down-regulation of DJ-1 by xanthoangelol is responsible for the cell death triggered by oxidative stress in neuroblastoma cells.
Essential Role of Oxidative Stress in Apoptosis Induction by Xanthoangelol Oxidative stress occurs when the production of ROS increases and/or when the antioxidants decreases. Recent studies have shown that ROS acts as a second messenger in apoptosis. Generation of ROS induces mitochondrial cytochrome c release, in which sequential activation of caspase-9 and caspase-3 occurs. 19) To clarify whether xanthoangelol triggers oxidative stress, we measured xanthoangelol-induced ROS generation. As expected, ROS was generated immediately after application of xanthoangelol at 10 mM and 100 mM, and it markedly increased within 30 min (Fig. 5A) . At both concentrations, the levels of ROS continued to increase by 120 min and showed a 5.6-fold and 2.8-fold increase at 10 mM and 100 mM, respectively, compared to the control at 120 min (Fig. 5A) . Increase of ROS by xanthoangelol was also observed in SK-N-SH, NB-39 and LA-N-1 neuroblastoma cell lines (data not shown). On the other hand, the levels of ROS were not increased by xanthoangelol in cell-free medium (data not shown). Fluorescence microscopy showed intracellular accumulation of ROS in IMR-32 cells treated by 10 mM xanthoangelol for 1 h (Fig. 5Bd) , but not in control preparations (Fig. 5Bb) . These findings indicate that xanthoangelol increases the level of intracellular ROS by acting on the cell rather than as the oxidant itself. Moreover, we examined whether this ROS generation was inhibited by a major lipid-soluble antioxidant, VE, which plays a role in protecting cellular membranes from oxidative stress. Pretreatment with VE dramatically inhibited xanthoangelolinduced ROS production (Fig. 5C ). The generation of ROS was not affected by treatment with VE alone (Fig. 5C ). In contrast, the generation of ROS by xanthoangelol was not prevented by a water-soluble antioxidant, N-acetyl-L-cysteine (data not shown). Since xanthoangelol-induced ROS was markedly inhibited by VE, we next examined whether VE prevents xanthoangelol-induced cell death. As shown in Fig.  5D , VE completely prevented xanthoangelol-induced cell death, whereas it did not inhibit cisplatin-induced cell death. In addition, almost all of the cells treated with 10 mM xanthoangelol for 24 h exhibited nuclear condensation (Fig.  5Eb) , whereas VE pretreatment reduced the number of cells exhibiting this feature (Fig. 5Ec) . VE alone had no effect on cell viability or morphology upon comparison with normal cells (Fig. 5D, Figs. 5Ea, d ). These results demonstrate that oxidative stress on the cellular membrane plays a critical role a) The protein spots indicated in Fig. 3A were analyzed using MALDI-TOF-MS. b) Proteins were identified using MASCOT with a custom human ORF database obtained from NCBI. c) The spot was detected only in xanthoangelol-treated group. in xanthoangelol-induced apoptosis.
DISCUSSION
Our results demonstrate that the mitochondrial pathway plays an important role in xanthoangelol-induced apoptosis in neuroblastoma. Conventional therapeutic DNA-damaging agents that induce p53-and caspase-9-dependent mitochondrial apoptosis are often used for treatment of neuroblastoma. 20) It has been reported that LA-N-1 neuroblastoma cells are resistant to such chemotherapeutic agents because they have no functional p53 protein due to a mutation causing a stop codon. 21, 22) In agreement with this, we showed that LA-N-1 cells were resistant to camptothecin and cisplatin.
Xanthoangelol, on the other hand, had a cytotoxic effect on drug-resistant neuroblastomas. Thus, the mechanism of xanthoangelol-induced cell death appears to be distinct from that of cisplatin-induced p53-dependent cell death. Since NB-39 cells were also resistant to camptothecin and cisplatin, we speculate that p53 protein is inactivated in the NB-39 cell line. However, there has been no report of p53 abnormalities in the NB-39 cell line. Some other factors may be involved in the mechanism of drug resistance. The expressions of brainderived neurotrophic factor (BDNF) and its receptor TrkB protect cells from cisplatin-induced death 23) and are associated with biologically aggressive neuroblastoma. 24) Moreover, high levels of multidrug-resistance-associated protein 1 (MRP1)/ABCC1 are predictive of poor outcome in neuro- blastoma. 25) Whatever the mechanism, overcoming drug resistance is an important approach for treatment of advanced neuroblastoma.
We demonstrated the profile of proteins changed by xanthoangelol treatment in IMR-32 cells for the first time using proteomic analysis. Most of the changed proteins were involved in oxidative stress: DJ-1, peroxiredoxin 6, triosephosphate isomerase 1, glyceraldehyde-3-phosphate dehydrogenase and phosphoglycerate mutase 1. The 2-DE experiment demonstrated that the amount of DJ-1 protein in the spot was prominently decreased by xanthoangelol. However, no change in the total amount of DJ-1 was observed at 1 h of xanthoangelol treatment using immunoblotting. DJ-1 has been reported to show a shift of pI from basic to acidic by being oxidized itself when cells are treated with oxidative stress inducers such as hydrogen peroxide (H 2 O 2 ) and ultraviolet radiation. [16] [17] [18] The acidic form of DJ-1 was dramatically increased at 30 min after application of xanthoangelol. In parallel with this, there was an abrupt increase of ROS at 30 min. Therefore, this pI shift of DJ-1 indicates an oxidative stress status. Peroxiredoxin 6 was also decreased by xanthoangelol. Since peroxiredoxin 6 is also an oxidative stressresponsive protein that oxidizes itself, 16) it is possible that peroxiredoxin 6 shows a pI shift like that of DJ-1. Glycolytic enzymes including triosephosphate isomerase 1, glyceraldehyde-3-phosphate dehydrogenase and phosphoglycerate mutase 1 were decreased by xanthoangelol treatment. The activity of glycolytic enzymes decreases during exposure to H 2 O 2 , leading to production of NADPH to maintain the redox balance.
26) The decrease in the protein levels of glycolytic enzymes seems to be for protection against oxidative stress induced by xanthoangelol. Moreover, expression of GRP78/ BiP, an endoplasmic reticulum (ER) chaperone, was up-regulated by xanthoangelol. It is likely that ER stress is also involved in xanthoangelol-induced apoptosis. Thus, complex mechanisms are responsible for xanthoangelol-induced apoptosis. In the experiment designed to investigate ROS, the levels of ROS were more highly increased by xanthoangelol at 10 mM than at 100 mM. This also implies that xanthoangelolinduced apoptosis was not entirely dependent on ROS generation. However, oxidative stress plays a crucial role in this mechanism because xanthoangelol triggered ROS accumulation and the antioxidant VE completely prevented apoptosis induced by xanthoangelol.
DJ-1 was first identified as a novel oncogene cooperating with H-ras, 27) and recently it has attracted interest as a causative gene for familial Parkinson's disease. 28) Several studies have shown that DJ-1 acts as an antioxidant protein. DJ-1-knockdown cells and cells expressing mutant forms of DJ-1 found in Parkinson's disease patients are more sensitive to oxidative stress, whereas overexpression of wild-type DJ-1 suppresses such oxidative stress-induced cell death. 18, 29) In the present study, we showed that DJ-1 was decreased at 8 and 24 h after treatment with xanthoangelol, and that this event was temporally related to caspase-9 activation. Moreover, DJ-1 knock down cells were more sensitive to oxidative stress damage. These results imply that a decrease of DJ-1 leads to loss of its function and to acceleration of oxidative stress and apoptosis. During oxidative stress conditions, DJ-1 scavenges oxidants by being oxidized itself. 16, 18) Moreover, it has been reported that DJ-1 reduces the level of cellular ROS by activating phosphatidylinositol 3-kinase (PI3K)/Akt survival signaling. 30) Elevated levels of DJ-1 have been reported in breast, prostate and lung cancer, and this abnormal cell survival is due to DJ-1-promoted PI3K/Akt signaling. [31] [32] [33] Thus, down-regulation of DJ-1 could be a new strategy for development of cancer therapeutic drugs.
In this study, we have revealed the mechanism of xanthoangelol-induced apoptosis. Xanthoangelol induces mitochondria-mediated apoptosis via oxidative stress through accumulation of ROS and down-regulation of DJ-1. Through this mechanism, xanthoangelol can overcome drug-resistant neuroblastoma. Neuroblastoma cells are sensitive to buthionine sulfoximine and fenretinide, which induce oxidative stress. 34, 35) Indeed, fenretinide has been used in a clinical trial for neuroblastoma.
35) It has also been reported that increasing the level of ROS or inhibition of antioxidants can be used to target cancer cells, and that drugs capable of doing this show selective toxicity against cancer cells compared with normal cells. 36, 37) Taken together, the present findings suggest that apoptotic induction of oxidative stress is effective against neuroblastoma. However, further in vivo experiments are required to determine the physiological effect, pharmacokinetic concentration and bioavailability of xanthoangelol. If these studies on animal model can be achieved, this agent would be therapeutically advantageous for treatment of advanced neuroblastoma.
